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I NTROD U CT I ON 

The work described i s  a cont inuat ion o f  our  s tud ies o f  t h e  thermal 
chemistry pathways o f  reac t i ve  oxygenates important i n  f o s s i l  f u e l  
hydrocarbons. 
acids. 
o i l s  from low rank coals, f o s s i l  f u e l s  known t o  con ta in  substant ia l  amounts of 
carboxy late func t i ona l i t y .  

Esters and ketones are p y r o l y s i s  products from ca rboxy l i c  
Ketones have been found t o  be i npo r tan t  components o f  hydropyro lys is  

THERMAL CHEMISTRY PATHWAYS OF ESTERS 

Conventional organic chemistry textbook wisdom describes es te r  
py ro l ys i s  on l y  i n  terms o f  o l e f i n  e l iminat ion.  and t h i s  on l y  w i t h  esters  of  
ca rboxy l i c  acids. N o l l e r  (1) s ta tes t h a t  "when es te rs  t h a t  have hydrogen on 
t h e  8-carbon o f  t h e  alkoxy group are,,heated t o  5OO0C, a molecule o f  ac id  i s  
l o s t  w i t h  t h e  formation o f  an o l e f i n  . This process i s  c a l l e d  p y r o l y t i c  c i s -  
e l im ina t i on .  
s tud ied and even t h e  textbook cases a r e  somewhat more complex than described. 

hexene acc-textbook mechanism, bu t  t h i s  i s  not  t he  only  thermal 
chemistry event. 
p y r o l y s i s  u n i t  (F igure 1) and i n  batch autoclaves. Condit ions were set  t o  
achieve conversion l e v e l s  o f  10-60%. The thermal chemistry mechanisms a r e  
independent o f  u n i t .  Using t h e  f l a s h  p y r o l y s i s  u n i t  and es tab l i sh ing  a vapor 
residence t ime  o f -  1-2 sec, t h e  major components i n  t h e  gas phase products 
inc luded hydrogen, methane, ethylene, propylene, water, carbon dioxide, and 
s u r p r i s i n g l y  carbon monoxide along w i t h  t h e  an t i c ipa ted  1-hexene (Table I ) .  
Experiments a t  equiva lent  condi t ions showed t h a t  a c e t i c  ac id  produces acetone, 
water and carbon d iox ide  as major products. 
ketones thermal ly  decarbonyl ate, t he  thermal conversion o f  hexyl acetate 
proceeds through 1-hexene and ace t i c  acid. Acet ic  a c i d  i t s e l f  i s  thermal ly  
r e a c t i v e  and produces water and acetone. The ketone decarbonylates t o  produce 
the  carbon monoxide observed. 
according t o  t h e  r e s u l t s  o f  Rebick (2) produces C1-C5 products w i t h  a 
r e l a t i v e l y  h igh  y i e l d  o f  propylene. 
t h i s  p i c tu re .  

Methyl acetate. 
requi red f o r  p y r o l y t i c  c is-e l iminat ion.  and a t  t h e  18% conversion l e v e l  
produces acetone, methanol and water as t h e  major l i q u i d  phase products. This 
would i n d i c a t e  acy l  oxygen, r a t h e r  than a l k y l  oxygen, cleavage. 

The s i t u a t i o n  w i t h  esters  l ack ing  6-hydrogens i s  l e s s  we l l  

Hex 1 acetate Hexyl acetate e l iminates a c e t i c  ac id  t o  form 1- 

Our thermal s tud ies were c a r r i e d  out  both i n  a f l a s h  

Since, as we w i l l  show below, 

F ina l l y ,  t h e  1-hexene s low ly  cracks and 

Our r e s u l t s  a re  f u l l y  cons is tent  w i t h  

This es te r  does no t  have t h e  s t r u c t u r a l  p roper t i es  
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men 1 acetate. Phenyl acetate un imolecular ly  decomposes on ly  a t  
t h e  acyl 0- t o  t h e  i n f l uence  o f  t h e  a r y l  r i ng .  As expected, t h e  
only  major organic 1 i q u i d  products of any consequence a r e  phenol>>>benzene. 
The unimolecular r a t e  constant f o r  phenyl acetate decomposition i s  0.35 min-1 
s. 0.44 min-1 f o r  benzoic a c i d  decomposition under s i m i l a r  cond i t i ons  ( 3 ) .  
(4). 

A new mechanism i s  proposed t o  account f o r  reac t i on  products when 
o l e f i n  e l i m i n a t i o n  i s  no t  f e a s i b l e  due t o  s t r u c t u r a l  const ra in ts .  Th is  
proposed mechanism i s  shown i n  Scheme I f o r  phenyl acetate. 
phenolic p o s i t i o n  has been shown t o  be a favored pathway i n  the  thermolysis o f  
benzyl phenyl e t h e r  (5).  ArO-H and ArCH2-H bonds a re  s i m i l a r  i n  strength, and 

Cleavage a t  t h e  

it i s  reasonable t o  invoke phenoxy rad i ca l  format ion i n  the  thermal chemistry 
o f  phenyl acetate. 
t he  benzy l ic  p o s i t i o n  i s  t h e  enhanced s t a b i l i t y  o f  benzyl and/or phenoxy 
rad i ca l s  through d e l o c a l i z a t i o n  o f  t h e  f r e e  e lect ron.  

A c o n t r i b u t i n g  d r i v i n g  f o r c e  f o r  t h i s  cleavage reac t i on  a t  

THERMAL CHEMISTRY PATHWAYS OF KETONES 

4-Oecanone. Treatment o f  t h i s  i n t e r n a l  ketone a t  6 O O O C  i n  t h e  f l a s h  
py ro l ys i s  u n i t  l e d  t o  conversion l eve l s  o f  18%. 
products (accounting f o r  85% o f  the  converted ketone) were ethylene, 
propylene, carbon monoxide and 1-hexene (Table 1-1). The r a t e  constant o r  t h e  

This exper imenta l ly  determined a c t i v a t i o n  energy imp l i es  a rad i ca l  chain. 
s ince t h e r e  i s  no bond t h i s  weak (- 36 Kcal/rnol) i n  t h e  system. A mechanism 
which accounts f o r  a l l  o f  t h e  observed products i s  shown i n  Scheme 11. 

The major fragmentation 

unimolecular decomposition o f  4-decanone was ca l cu la ted  t o  be -7.9 min- f . 
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SCHEME I 1  

I n i t i a t l o n  

0 
It A 

CH3CH2CH2C' + 'CH2CH2CH2CH2CH2CH3 

d '  a d b c  

Radical E l iminat ion Reactions 

CH3-CH2-CH2-C' ___$ CO + CH3-CHz-CH2' 

C H ~ - C H ~ - C H ~ , T ~  CH3-CH = CH2 + H' 
8 -e l im ina t i on  

.-> CH3-CH2-CH2-CH2-CH CH2 + H' 
8 -e l im ina t i on  

Cleavage a t  t h e  (b)  o r  (c) bonds can lead t o  octenones and nonenones 
and t o  methane and ethane/ethylene, a l l  i d e n t i f i e d  i n  the  product. 
a r i s e s  from a sequence o f  react ions u l t i m a t e l y  r e s u l t i n g  i n  cleavage a t  t h e  d 
and d' posit ions. 

Kcal/mol 
constant :t 6Oho'C o f  -11 min-l .  Table 111 presents t h e  product data f o r  t h e  
thermolysis o f  2-decanone a t  550 and 650OC. Here, as found w i t h  the  4-isomer, 
carbon monoxide i s  a s i g n i f i c a n t  product, t hus  conf i rming t h e  statement made 
e a r l i e r  t h a t  acyl r a d i c a l s  decompose re leas ing  carbon monoxide. 
t o  form aromatic r i ngs  becmes an important pathway by 65OOC as does format ion 
o f  s o l i d  carbonaceous mater ia l .  

Acetone 

2-Decanone. The a c t i v a t i o n  energy was ca lcu lated t o  be - 38 
or t e unimolecular decomposition o f  t h i s  ketone w i t h  a r a t e  

Ring c losu re  

A l i p h a t i c  ketones a re  formed f rom ' the  py ro l ys i s  o f  ca rboxy l i c  
acids. 
a t  s u f f i c i e n t l y  severe cond i t i ons  t o  methane, carbon monoxide and coke. 

1-Tetralone. A c y c l i c  ketone such as 1- te t ra lone undergoes a 
d i f f e r e n t  sequence o f  thermal transformations. Te t ra l i n ,  naphthalene and 1- 
naphthol a re  the  major l i q u i d  products when 1- te t ra lone i s  t rea ted  a t  425OC 
under an i n e r t  atmosphere. When hydrogen i s  present t he  y i e l d s  o f  t e t r a l i n  
and naphthalene increase, cons is tent  w i t h  r e s u l t s  publ ished e a r l i e r  (Table 

They, i n  turn,  decompose thermal ly  t o  l i g h t e r  o l e f i n s  and acetone, and 

I V ) .  
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TABLE I 

PYROLYSIS OF HEXYL ACETATE 
55OoC,-1-2 SEC. , HELIUM SWEEP GAS 

Gas Analysis, Relat ive b l e  % 

H2 CO C02 CH4 C2H4 C2H6 C3H6 C3H8 C 4 ' S  C5 'S  C6'S H20 

39 12 12 7.7 3.7 4.4 1.1 1.8 - 10 5.2 
- -  - - - - - -  - - - -  

TABLE I1 

4-OECANONE THERMOLYSIS 

6OO0C,-1-2 SEC. VAPOR RESIDENCE TIME 
3.89 GAS 

Yields 

S o l i d  

L iqu id  
4-Decanone 
Acetone 
1-Hexene 

n-Hexane 

Nonenones 

Others 

Gases 

H2 
CH4 

C2H6 
C2H4 

C3H8 
C3H6 
C4'S 

C 5 ' S  

H20 

co 

9 
0.02 

3.27 
3.11 
0.024 

0.049 

0.002 

0.021 
0.064 

0.48 

0.002 
0.050 

0.035 

0.12 
0.005 
0.10 

0.038 

0.014 

0.11 
0.07 

% o f  S t a r t i n g  Feed 

0.53 

86.3 
82.1 

0.62 

1.3 

0.05 

0.56 
1.7 

12.7 

0.05 
1.3 

0.9 
3.1 

0.12 
2.8 

1 .o 
0.4 

2.8 
0.2 

Total Recovered 3.779 99.4 

383 



TABLE 111 

Yields 

S o l i d  

L iqu id  
2-decanone 

acetone 
1-hexene 

n-hexane 
2-hexenes/C6H6 
1-heptene 
n-hexane 

2-heptenes/C7Hs 
1-octene 

n-octane 
2-octenes/EB,X YL 

CH3COs' o r  CH3 CO-cyclohexyl 
o thers 

Gases 

H2 
CH7 

C2H6 
C2H4 

C3H8 
Cq's 
C5'S 

"20 

co 

TOTAL RECOVERED 

2-DECANONE PYROLYSIS 

1-2 SEC. VAPOR RESIDENCE TIME 

3.73 g 
Feed 

-550'C 6 5 c  

9 
0.09 

3.67 
3.59 

0.003 

tr 

0.022 

0.029 

t r  

t r  

0.034 

0.093 

0.005 
0.013 

0.015 

0.001 
0.008 
0.024 

0.023 
0.004 

3.85 

x of 
Star t ing  Feed 

2.4 

98.4 
96.2 

- 
0.07 

tr 

0.61 

- 
0.80 

t r  
- 

tr 

0.93 

2.5 

0.1 

0.3 - 
0.4 
tr 

0.2 
0.6 

0.6 

0.1 

103.2 

_e 
0.45 

1.81 
1.23 
0.036 

0.039 

0.011 
0.101 

0.093 
0.009 

0.051 

0.091 

0.010 

0.047 
0.015 
0.87 

0.84 

0.112 

0.115 

0.053 

0.108 
0.097 

0.033 
0.003 

0.303 

0.009 

3.10 

x of 
S t a r t i n g  Feed 

12.1 

48.5 
33.1 

1 .o 
1.1 
0.31 
2.71 

2.89 
0.25 

1.37 
2.45 

0.27 

1.25 

0.40 
2.34 

22.5 

3.0 

3.1 

1.4 

2.9 

2.6 
0.9 
0.1 

8.1 

0.2 

83.1 
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